Membrane vesicles isolated from Azotobacter vinelandii strain 0 by lysis of spheroplasts in potasium or sodium phosphate buffer develop a transmembrane electric potential during respiration. The magnitude of this potential was determined by three independent methods: (i) fluorescence of 3,3'-dipropylthiodicarbocyanine and 3,3'-dihexyloxacarbocyanine; (ii) uptake of M*Rb+ in the presence ofvalinomycin; and (iii) uptake of [3Hltriphenylmethyl phosphonium. In method (i), the relative fluorescence of these cyanine dyes in the presence of intact cells or derived vesicles is quenched during oxidation of electron donors. A linear relationship between this quenching and a potassium diffusion potential was employed to calibrate the probe response. In method (ii), the steady-state concentration ratio ofrubidium across the vesicle membrane during oxidation of L-malate was converted to potential by the Nernst equation. In method (iii), the steady-state concentration ratio of this lipophilic cation was likewise converted to a potential. With the exception of 3,3'-dihexyloxacarbocyanine fluorescence, these methods gave good agreement for the potential developed during L-malate oxidation by membrane vesicles. A value of 75 to 80 mV (inside negative) was obtained for vesicles prepared in potassium phosphate, and 104 mV (inside negative) was obtained for vesicles prepared in sodium phosphate. Electrogenic expulsion of hydrogen ion was observed during L-malate oxidation, and the amount of proton exodus was greater in potassium rather than the sodiumcontaining vesicles. This indicates the presence of a sodium-proton antiport mechanism. In addition, D-glucose uptake was observed during development ofa potassium diffusion potential that was artificially imposed across the vesicle membrane. These observations suggest the presence of a glucose-proton symport mechanism in accordance with the principles of Mitchell.
concentration ratio ofrubidium across the vesicle membrane during oxidation of L-malate was converted to potential by the Nernst equation. In method (iii), the steady-state concentration ratio of this lipophilic cation was likewise converted to a potential. With the exception of 3,3'-dihexyloxacarbocyanine fluorescence, these methods gave good agreement for the potential developed during L-malate oxidation by membrane vesicles. A value of 75 to 80 mV (inside negative) was obtained for vesicles prepared in potassium phosphate, and 104 mV (inside negative) was obtained for vesicles prepared in sodium phosphate. Electrogenic expulsion of hydrogen ion was observed during L-malate oxidation, and the amount of proton exodus was greater in potassium rather than the sodiumcontaining vesicles. This indicates the presence of a sodium-proton antiport mechanism. In addition, D-glucose uptake was observed during development ofa potassium diffusion potential that was artificially imposed across the vesicle membrane. These observations suggest the presence of a glucose-proton symport mechanism in accordance with the principles of Mitchell. Membrane vesicles isolated from Azotobacter vinelandii strain 0 by lysis of spheroplasts in phosphate buffer actively transport sugars. The energy for concentrative uptake of glucose and sucrose is provided by oxidation of exogenous substrates, such as L-malate, via the electron transport chain (3, 4) . Vesicles prepared by spheroplast lysis in tris(hydroxymethyl)aminomethane acetate buffer actively transport calcium during oxidation of reduced substrates, such as reduced nicotinamide adenine dinucleotide, or hydrolysis of adenosine 5'-triphosphate via a trypsin-activated adenosine 5'-triphosphatase complex (5; E. M. Barnes, Jr., Fed. Proc. 33: 1457, 1974 ). There now is convincing evidence that bacterial membrane vesicles generate an electrochemical gradient of protons during oxidation of respiratory substrates or hydrolysis of adenosine 5'-triphosphate (1, 5, 13) . This gradient provides the driving force for solute accumulation according to the principles laid down by Mitchell (11) . Accordingly, we wished to examine the magnitude of the gradient of charge, i.e., the membrane potential, developed in A. vinelandii vesicles under the energized condition favorable for active sugar accumulation.
The transmembrane electric potential cannot be measured directly in bacterial membrane vesicles because of their small size (0.2 to 1 ,um in diameter). However, several indirect methods have been used successfully: (i) fluorescence techniques, (ii) valinomycin-mediated Rb+ uptake, and (iii) uptake of lipophilic cations. Using method (i), Hoffman and Laris (8) demonstrated that the fluorescence of an oxacarbocyanine dye is quenched upon hyperpolarization ofAmphiuma erythrocytes and enhanced upon depolarization. These fluorescence changes are proportional to the potential measured directly with a microelectrode or that calculated from the constant field equation. This method has been extended to intact cells of Streptococcus lactis (9) and Streptococcus faecalis (10) . Sims et al. (14) conducted a systematic study of the cyanine dyes and found that thiocarbocyanine derivatives increased the sensitivity of the technique. They also presented evidence that imposing a potential (inside negative) drives the uptake of these cationic dyes and suggested that the resulting dye accumulation leads to formation of nonfluorescent aggregates. In method (ii), the concentration ratio of Rb+ (or K+) can be used to determine the membrane potential by means of the Nernst equation. To render the membrane permeable to these cations, valinomycin is added. The energy-dependent accumulation of K+ or Rb+ in the presence ofvalinomycin has been used to measure potential in intact bacterial cells (7) and bacterial membrane vesicles (1, 13) . In method (iii), the problem of cation perneability through biomembranes can also be circumvented by the use of lipid-soluble ions. Skulachev and coworkers introduced this technique for potential measurements in mitochondrial preparations (2) . The uptake of dibenzyldimethyl ammonium was used by Harold and co-workers to measure the potential developed by membrane vesicles from Escherichia coli (1) . Similarly, the concentration ratio of triphenylmethyl phosphonium (TPMP) was employed in both intact E. coli cells (7) and derived vesicles (13) .
Each of these methods suffers inherent difficulties in interpretation of experimental findings. With respect to the cyanine dye procedure, the mechanism of fluorescence quenching is incompletely understood. Both the Rb+/valinomycin and lipohilic cation distribution methods require accurate determination ofthe intravesicular space, which often is difficult to achieve. In addition, these latter methods rely on the assumptions that the membrane-associated cations are in free solution within this space and that the internal concentration as derived represents the activity of the cation. However, the response of cyanine dye fluorescence to potential is calibrated empirically and, therefore, does not depend on these latter assumptions. We reasoned, therefore, that application of each of these methods to our vesicle preparations might afford a reliable estimate of the transmembrane potential, provided that similar values could be obtained. In this communication we report good agreement of values for the membrane potential derived from these three methods. We also provide evidence that this potential is generated as a result ofelectrogenic proton exodus driven by respiration and add that this potential can provide the energy for active accumulation of glucose.
MATERUALS AND METHODS
Preparation of membranes. Membranes were prepared from A. vinelandii strain 0. Conditions of growth and the method of isolation of membranes were as previously described (3) . Preparations are noted in the text as "potassium phosphate vesicles" when prepared and stored in 0.1 M potassium phosphate buffer (pH 7.0) or as "sodium phosphate vesicles" when prepared by the same method but using 0.1 M sodium phosphate buffer (pH 7.0). Dimethylsulfoxide (7%, vol/vol) was added to sodium phosphate vesicles to prevent inactivation during freezing. In addition, the vesicles were prepared as quickly as possible, preferably the same day as harvesting the cells. For experiments, the vesicles stored in sodium phosphate and dimethyl sulfoxide were washed once and resuspended in the experimental buffer. Dimethyl sulfoxide itself, up a few percentages in the assay mixture, has no apparent deleterious effect on transport.
Fluorescence measurements. Fluorescence was measured in a Farrand MK-1 spectrofluorimeter equipped with an RCA 4818 photomultiplier and a Farrand model 100 strip chart recorder. All recordings were made with the excitation and emission slits set at a 10-nm-band pass. Excitation and emission wavelengths were set, respectively, at 622 and 670 nm for 3,3'-dipropylthiodicarbocyanine [DiS-C3 (5) ] and 470 and 500 nm for 3,3'-dihexyloxacarbocyanine [DiO-C6 (3)]. Vesicle or cell suspensions were stirred magnetically in a standard 1-cm-path length quartz fluorescence cuvette. Additions were made with a Hamilton syringe inserted through a rubber septum in the cover of the sample compartment. Both dyes were added as solutions in dimethyl sulfoxide. Fresh solutions of the dyes were used routinely.
Assay higher level of fluorescence reached after valinomycin addition in these cases may be due to RESULTS generation of a potential (inside positive) by the Respiration-induced fluorescence quench-K+ diffusion gradient. At the concentrations ing of DiS-C3(5) by vesicles and cells of A. used in the experiments, DiS-C3(5) has no effect vinelandii. Addition of L-malate (0.5 mM) to a on glucose uptake by the vesicles (data not suspension of potassium phosphate vesicles in shown). The energy-dependent nature of the 50 mM potassium phosphate buffer (pH 7.0) fluorescence quenching is further supported by results in an immediate decrease of DiS-C3(5) observations that: (i) inactive vesicles do not fluorescence (Fig. 1A) . On further addition of L-show quenching, (ii) energy sources that are malate, there is a slight additional decrease in less effective in supporting active transport fluorescence. Valinomycin, which induces elec-than L-malate induce less quenching, and (iii) trogenic K+ translocation, at a concentration of inhibitors of respiration block L-malate-induced 50 nM immediately reverses the fluorescence fluorescence decrease (data not shown).
level back to almost the original value. NigeriTo estimate the membrane potential genercin, which conducts K+ for H+ exchange, has no ated by respiration, the response of the fluoreseffect on the relative fluorescence at these con-cent probe was calibrated with a K+ diffusion centrations. However, at higher concentrations potential generated in the presence of valino-(2 ,uM), nigericin also reverses the L-malate-mycin. Membrane cence is stable, due to low permeability of the membranes to K+. When valinomycin is added, rapid quenching of fluorescence occurs. The extent of the quenching is dependent on the K+ distribution ratio between the intravesicular space and the medium. The diffusion potential was calculated from the Nernst equation, AX = 59 log K+ in/K+ out, and plotted against the corresponding fluorescence quenching of DiS-C3(5) and another cyanin dye, DiO-C6(3). This relationship is shown in Fig. 2 . L-Malate-induced fluorescence quenching (arrows) was then related to potential. The value of the potential generated by -malate oxidation in the potassium phosphate vesicles is 74 mV (inside negative) from DiS-C3 (5) decreases slightly with increasing cation concentrations.
Coupling of a K+ diffusion potential to uptake of TPMP+ and glucose by A. vinelkndii membrane vesicles. The validity of using TPMP+ distribution for potential measurements is further supported by the response to K+ gradients across the membrane, as shown in Fig. 4A . Vesicles were loaded with K+ and resuspended in media with varying concentrations of Na+. On addition of valinomycin, the amount of TPMP+ accumulated is directly related to the K+ gradient. The diffusion gradient can also induce uptake of a natural substrate, 1)-glucose, as shown in Fig. 4B . Compared to TPMP+, which is concentrated in the membranes about 15-fold at a K+ diffusion gradient of 20, glucose is accumulated only about eightfold. The lower extent of glucose uptake in response to the diffusion potential could be due to the development of a pH gradient (inside acid), which would tend to oppose glucose accumulation. Kaback and Schuldiner reported similar lower uptake of lactose compared to TPMP+ in E. coli vesicles (13) . Both Schuldiner and Kaback (13) and Harold and co-workers (1) have utilized the diffusion potential as a driving force for transport in vesicles.
Extrusion of hydrogen ion during L-malate oxidation byA. vinelandii membrane vesicles. Mitchell's chemiosmotic theory explains the mechanism of potential generation during oxidation by respiration-linked proton translocation. Therefore, we measured the H+ movements in vesicle suspensions during L-malate oxidation. The results are presented in Fig. 5 Values for the membrane potential obtained from DiS-C3(5) fluorescence compare favorably with those from Rb+ and TPMP+ distributions. Thus, the potential generated by potassium phosphate vesicles during respiration is 75 to 80 mV (inside negative), whereas that in sodium phosphate vesicles is 104 mV. Fluorescence studies with DiO-C6(3) consistently gave higher values than the other methods, and thus we consider them a less reliable index of potential.
The finding that the transmembrane potential is significantly lower in potassium phosphate vesicles compared to sodium phosphate vesicles is of interest. Harold and co-workers (1) observed a similar phenomenon for dibenzyldimethyl ammonium distribution ratios inE. coli vesicles, but Schuldiner and Kaback (13) found that TPMP+ distributions were almost identical in Na-or K-containing E. coli membrane vesicles. This may reflect permeability differences in the probes used by these groups. However, with A. vinelandii vesicles we find agreement with independent methods that a lower potential is indeed observed in potassium phosphate vesicles. One possible explanation for our findings is the presence of an electroneutral sodium-proton antiport system as described by Mitchell (11) . This would favor an increase in potential at the expense of a pH gradient in sodium phosphate vesicles. In vesicles from A. vinelandii, this interpretation is supported by our observation that respiration-coupled proton exodus is greater in potassium phosphate vesicles than in sodium phosphate vesicles (Fig. 5) . Another explanation is that A. vinelandii vesicles are more permeable to Na+ than K+ so that electrogenic Na+ exodus during cation uptake (cyanine dye, Rb+, or TPMP+) could assist in the maintenance of overall electroneutrality. This could allow cation accumulation to be balanced more favorably in the vesicle interior by available phosphate anions. Accordingly, a similar potential would be developed in sodium or potassium phosphate vesicles, but optimal cation distribution ratios would be observed only in the former preparations. However, electrogenic Na+ transport should stimulate rather than inhibit respiration-coupled proton exodus. Thus, we favor electroneutral sodium-proton exchange, but further study is needed to more firmly establish this.
A. vinelandii vesicles prepared in potassium phosphate buffer accumulate 6 nmol of glucose per mg of membrane protein in the presence of 40 ,zM external glucose and 10 mM -malate (4) . Quite similar values are also observed in sodium phosphate vesicles (data not shown). Assuming a glucose-proton symport ratio of unity, a proton motive force of 99 mV should be required to support glucose accumulation. Both the contribution of the electric potential and the pH gradient should be considered as components of the driving force for glucose uptake. In the potassium phosphate vesicles, the potential falls some 20 to 25 mV short of the total proton motive force required for glucose accumulation. This remaining force is almost certainly met by a pH gradient (inside alkaline), since potassium phosphate vesicles accumulate acetate in the presence of L-malate (E. M. Barnes, Jr., unpublished observations). Since the electric potential in sodium phosphate vesicles alone is sufficient to support glucose accumulation, the pH gradient may be much smaller in these preparations. We observe an electrogenic exodus of protons during L-malate oxidation in vesicles that is consistent with the development of these components of the proton motive force. In addition, the uptake of glucose by the vesicles can be supported artificially by a K+ diffusion potential. These experiments leave little doubt that the energy derived from electron transport in A. vinelandii membrane vesicles is conserved in an electrochemical proton gradient. This in turn could be utilized for accumulation of glucose via proton symport according to the postulates of Mitchell. 
